In HEK293 cells, exposure to various NAD(P)H oxidants, including phenazine methosulfate (PMS), that non-enzymatically oxidize intracellular NAD(P)H to NAD(P), decreased hypoxia-induced hypoxia-inducible factor 1 (HIF-1) accumulation. RT-PCR and cycloheximide inhibition experiments indicated that PMSinduced HIF-1 decrease is involved in post-translational degradation during hypoxia. The decrease in HIF-1 caused by PMS was not eliminated by proteasome inhibitor MG132. Moreover, the increase in HIF-1 induced by exposure to MG132 alone in normoxia was diminished by PMS. In contrast, calpastatin peptide, a calpain inhibitor, fully prevented PMS-induced reduction in HIF-1 in hypoxic cells. These data suggest that the decreased stability of HIF-1 induced by PMS is due to the activation by PMS of a protein degradation system that is independent of the ubiquitin-proteasome pathway.
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Key words: hypoxia-inducible factor 1 (HIF-1); hypoxia; phenazine methosulfate; ubiquitin; proteasome Oxygen is essential for the maintenance of life as the final electron acceptor of the mitochondrial respiratory chain in multicellular organisms. Hypoxia leads to oxygen deprivation in tissues and promotes a series of metabolic adaptations avoiding tissue damage. Regulation of the genes that respond to hypoxia is important in maintaining homeostasis. Hypoxia-inducible factor 1 (HIF-1) regulates the transcription of hypoxia-responsive genes by a unique, well-defined mechanism.
1) HIF-1 is composed of two subunits: HIF-1 and HIF-1/ ARNT (aryl hydrocarbon receptor nuclear translocator).
2) These subunits are members of the helix-loophelix/PAS family of transcription factors, and are constitutively expressed in normoxic and hypoxic cells. 3, 4) Under normoxic conditions, HIF-1 is hydroxylated by oxygen-dependent prolyl hydroxylase and undergoes ubiquitination, resulting in rapid degradation by the proteasome. 5, 6) When cells are transferred from hypoxia to normoxia, the degradation of HIF-1 is very rapid and is completed in several minutes. Deferoxamine and CoCl 2 , which inhibit prolyl hydroxylase, inhibit HIF-1 degradation under conditions of normoxia, leading to increased HIF-1. [7] [8] [9] The repression of HIF-1 degradation by these inhibitors is similar to that observed under hypoxic conditions. Various biochemical changes are known to be induced by hypoxia in cells. 10) These appear to result from inhibition of oxidative phosphorylation, which is coupled with the electron transport system in the mitochondria, resulting in an increase in the cellular NADH/NAD ratio. [11] [12] [13] The present study investigated whether the stability of HIF-1 is affected by NAD(P)H oxidants that decrease the NAD(P)H/NAD(P) ratio. Our results indicate that NAD(P)H oxidants stimulate the degradation of HIF-1 during exposure of cells to hypoxia, and that degradation occurs via a protein degradation system other than the ubiquitin-proteasome pathway.
Materials and Methods
Chemicals. Phenazine methosulfate (PMS), methylene blue (MB), and cycloheximide (CHX) were purchased from Wako (Tokyo, Japan). 1-Methoxy-5-methylphenazinium methylsulfate (MPMS) and 8-dimethylamino-2,3-benzophenoxazine hemi (zinc chloride) salt (Meldola's blue) (MELB) were from Dojindo (Kumamoto, Japan). HEPESbuffered Dulbecco's Modified Eagle's Medium (DMEM) was from Invitrogen (Carlsbad, CA). MG132, PD 150606, calpastatin peptide, and CA-074 ME were purchased from Calbiochem (La Jolla, CA). Deferoxamine (DFX) and 2,6-dichloroindophenol (DCIP) were from Sigma (St. Louis, MO).
Cell culture. Human embryonic kidney 293 (HEK293) cells and human MCF7 breast adenocarcinoma cells were cultured in 95% air and 5% CO 2 at 37 C in 30-mm culture dishes containing 2 mL of HEPES-buffered DMEM supplemented with penicillin (100 units/ mL), streptomycin (0.1 mg/mL), and 10% heat-inactivated fetal bovine serum. In all the experiments, the cells were grown to 70-80% confluence. The culture medium was changed 1 h prior to experiments on hypoxia and normoxia. For exposure of the cells to hypoxia, cultures were incubated in a hermetic chamber flushed with a gas mixture of 1% O 2 , 5% CO 2 , and 94% N 2 (Taiyo Nippon Sanso, Tokyo, Japan) at 37 C. After 30 min of hypoxia, various reagent solutions equilibrated previously with the gas mixture were added to the cultures, which were then incubated for the indicated durations.
RT-PCR. Total RNA was extracted from cultured cells with the Tripure Isolation Reagent (Roche Diagnostics, Basel, Switzerland). Reverse transcription was conducted with the SuperScript First-Strand Synthesis System (Invitrogen). Amplification of individual target cDNA was performed under optimized conditions. The primers were as follows: HIF-1 forward primer 5 0 -CTTTGCAGAATGCTCAGA-GAAAGCG, reverse primer 5 0 -CAGCTGTGGTAATCCACTTTC- Western blot analysis. Monoclonal anti-HIF-1 antibody was purchased from BD Transduction Laboratories (Franklin Lakes, NJ). Monoclonal anti--actin and monoclonal anti-HIF-1 antibodies were from Sigma. For extraction of proteins from cultured cells, the medium was removed from the culture plates and 20 mM Tris-HCl buffer (pH 7) containing 2% SDS and protease inhibitor cocktail (Sigma) was added. These operations were completed within approximately 5 s. Western blotting was conducted using horseradish peroxidase-conjugated secondary antibody from Dako (Glostrup, Denmark) and a ECL Plus Western Blotting Detection kit from Amersham (Stockholm, Sweden). -Actin was detected as total protein loading control.
Assay of lactate and pyruvate in the culture medium. An aliquot of the culture was treated with 5% perchloric acid, and the precipitated protein was removed by centrifugation. The supernatant was neutralized with cold 20% K 2 CO 3 and centrifuged. It was then used to measure the concentrations of lactate and pyruvate enzymatically using lactate dehydrogenase, as previously described. 14, 15) Calculation of the NADH/NAD ratio. As described by Williamson et al., NAD/NADH was estimated by the equation of chemical equilibrium of the lactate dehydrogenase reaction using lactate and pyruvate levels in the culture medium.
16) The NADH/NAD ratio was calculated from the lactate and pyruvate concentrations by the following equilibrium equation:
where K eq (1:11 Â 10 À11 ) is the equilibrium constant at pH 7.
Results and Discussion
The reoxidation of NADH, which transfers reducing equivalents to oxygen, is inefficient in hypoxic cells. Hence, during hypoxia, maintaining the redox balance is important for the continuous operation of other catabolic reactions requiring NAD. We sought to determine whether the accumulation of HIF-1 in hypoxia-exposed HEK293 cells is affected by the decrease in NAD(P)H resulting from exposure to NAD(P)H oxidants. PMS, DCIP, MELB, MPMS, and MB are artificial electron acceptors that oxidize NAD(P)H to NAD(P). [17] [18] [19] [20] [21] As shown in Fig. 1A , the addition of these oxidants to the culture medium during 2 h of exposure to hypoxia decreased the accumulation of HIF-1 protein in a dosedependent manner, while the HIF-1 protein levels did not change. Trypan blue exclusion tests indicated that cell viability was greater than 95% under all the culture conditions (data not shown).
In normoxic cells, newly synthesized HIF-1 protein is degraded rapidly via the ubiquitin-proteasome pathway. We assessed the effect of PMS on HIF-1 accumulation induced by prolyl hydroxylase inhibitors DFX and CoCl 2 in normoxia in HEK293 cells. As in hypoxia, PMS reduced the HIF-1 protein levels in the DFX-and CoCl 2 -treated cells (Fig. 1B) . The effective concentrations of PMS, MB, and DCIP that decreased HIF-1 might have been somewhat high as compared with concentrations used in other studies. [17] [18] [19] [20] [21] The experiment was repeated on a different cell type, the MCF-7 human breast adenocarcinoma model. In cells exposed to hypoxia, DFX, or CoCl 2 , the accumulation of HIF-1 protein was repressed by PMS (Fig. 1C) . Similar results were observed for human HeLa cervical carcinoma cells (data not shown). These results indicate that the effect of PMS observed in HEK293 cells is a phenomenon common across cell types.
Lactate dehydrogenase is located in the cytosol. It catalyzes the interconversion of lactate and pyruvate. It is readily reversible, and its activity in the cytosol is sufficiently high to maintain chemical equilibrium in cells exposed to hypoxia or normoxia. Thus, as reported by Williamson et al., 16) the equilibrium equation of the enzyme reaction is useful in assessing the redox state (see ''Materials and Methods'' above). The lactate/ pyruvate ratio is always proportional to the NADH/ NAD ratio in the cytosol. [22] [23] [24] The NADH/NAD ratio estimated by lactate and pyruvate levels is used not only for normoxic cells but also for hypoxic cells. 25) To estimate the effect of PMS on the redox state, we assessed the NADH/NAD ratio in HEK293 cells in the presence and the absence of PMS, during normoxia with and without DFX or CoCl 2 , and hypoxia. The results are summarized in Table 1 . Exposure of the cells to PMS significantly decreased the NADH/NAD ratio for normoxia alone, DFX, CoCl 2 , and hypoxia, indicating a low NADH/NAD ratio. This implies that PMS induced oxidation of NADH.
PMS oxidizes NAD(P)H to NAD(P) and is used as a redox indicator in the detection of the dehydrogenase reaction. In the presence of O 2 , PMS reduced by NAD(P)H is non-enzymatically re-oxidized, resulting in the production of reactive oxygen species (ROS), including superoxide anion. [26] [27] [28] Hence, we investigated to determine whether the decrease in HIF-1 protein induced by PMS involves ROS. HIF-1 levels remained constant even after the addition of N-acetyl-L-cysteine (1 mM), ascorbic acid (5 mM), glutathione (5 mM), and superoxide dismutase (20 U/mL), which scavenge ROS (data not shown). Furthermore, the addition of H 2 O 2 (50 mM) did not change the effect of PMS. H 2 O 2 is generated from the superoxide anion by the action of superoxide dismutase. In addition, the decrease in the HIF-1 protein due to PMS was not repressed by catalase (20 U/mL), which decomposes H 2 O 2 (data not shown). These findings indicate that ROS are unrelated to the PMS-induced decrease in HIF-1.
The amount of cellular HIF-1 protein is regulated by HIF-1 gene expression, including transcription and translation, and by HIF-1 protein degradation. To assess the effects of NAD(P)H oxidants on HIF-1 mRNA expression, HEK293 cells were incubated for 2 and for 4 h in the presence of PMS, MPMS, MELB, MB, or DCIP under hypoxia and under normoxia. No change in HIF-1 mRNA levels was observed under any condition ( Fig. 2A) . Hence the decrease in HIF-1 protein caused by the NAD(P)H oxidants was not due to any decline in mRNA expression.
To determine whether a reduction in HIF-1 protein levels occurs at the level of translation, we assessed the effect of PMS on HIF-1 protein stability using CHX, an inhibitor of translation. First, to increase HIF-1 levels, HEK293 cells were exposed for 2 h to proteasome inhibitor MG132 or DFX, or to hypoxia. Then untreated and PMS-treated HEK293 cells were cultured for 30 min and 60 min in the presence of CHX. The amount of HIF-1 was analyzed by Western blot analysis. In the presence of MG132 or DFX, and under hypoxia, the degradation rate of HIF-1 was increased by PMS (Fig. 2B) . These results indicate that post-translational degradation is involved in PMS-induced HIF-1 instability.
In normoxic cells, HIF-1 is usually constitutively expressed and degraded rapidly through the ubiquitin- 
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Fig. 2. Effects of NAD(P)H Oxidants on HIF-1 Transcription and
Translation.
A, HEK293 cells were cultured in the presence of 50 mM PMS, 50 mM MPMS, 50 mM MELB, 100 mM MB, or 100 mM DCIP under hypoxia and under normoxia. After 2 or 4 h, RNA was extracted and HIF-1 mRNA was detected by RT-PCR. Representative results are shown for one of two independent experiments. B, HEK293 cells were pretreated for 2 h with 20 mM MG132 or 0.2 mM DFX under normoxia, or were exposed to hypoxia. Subsequently, 50 mg/mL of CHX and 50 mM PMS were added and the culture was further incubated for the indicated durations. Equal amounts of protein from each extract were resolved by SDS-PAGE, and Western blot analysis was performed. Representative results are shown for one of three independent experiments. proteasome pathway. 5, 6) Hence we investigated to determine whether the decrease in HIF-1 protein induced by PMS results from degradation by the proteasome. MG132, an inhibitor of the 26S proteasome, did not overcome the decrease in HIF-1 accumulation caused by exposure to CoCl 2 or DFX under normoxia (Fig. 3A) or under hypoxia (Fig. 3B) . In addition, the HIF-1 that accumulated upon the addition of MG132 alone was decreased by PMS under normoxia. Together with the data from the RT-PCR and CHX experiments, these results suggest that protein degradation systems other than the ubiquitin-proteasome pathway participate in PMS-induced HIF-1 degradation.
The molecular mechanism by which the PMSinduced decrease in NAD(P)H/NAD(P) accelerates HIF-1 degradation remains unclear. NQO1 (NAD(P)H quinone oxidoreductase 1) binds to the 20S proteasome, [29] [30] [31] and NADH regulates the association of the enzyme with tumor suppressor p53. High concentrations of NADH block the incorporation of p53 into the 20S proteasome via NQO1. In contrast, in the presence of a low level of NADH and decreased NADH/NAD, incorporation of p53 was induced, leading to 20S proteasomal degradation of p53. However, no similar mechanism appears to contribute to PMS-mediated HIF-1 degradation, because PMS-induced degradation was not inhibited by 20S proteasome inhibitor lactacystin (data not shown) or by 26S proteasome inhibitor MG132 (Fig. 3) .
According to studies by Osada-Oka et al., high glucose is essential for the stabilization of HIF-1 in hypoxia, whereas low glucose reduces the hypoxiainduced decrease in HIF-1.
32) Here, stabilization is attributed to an increase in cellular NADPH generated by glucose-6-phosphate dehydrogenase, a key enzyme in the pentose phosphate pathway. 32) Moreover, the decrease in NADPH and HIF-1 mediated by low glucose is inhibited by MG132, indicating that the proteasome is involved in the degradation of HIF-1. PMS diminishes NADPH as well as NADH. However, in our studies, MG132 did not restore the PMS-induced reduction in HIF-1 caused by hypoxia or by exposure to DFX and to CoCl 2 in normoxia. Therefore, the effect of PMS in HIF-1 degradation does not involve NADPH or the ubiquitin-proteasome pathway.
Olmos et al. identified a new mechanism of HIF-1 degradation. 33) They found that an over-accumulation of HIF-1 induced by 5-deoxy-delta12,14-prostaglandin-J 2 (15 d-PGJ2) was based on a lysosome-dependent mechanism and not on any pVHL proteasome-dependent mechanism. We determined the effect of lysosomal cathepsin B inhibitor CA-074 ME on the increased instability of HIF-1 induced by PMS in hypoxiacultured cells and in MG132-, DFX-, or CoCl 2 -treated cells under normoxia. CA-074 ME did not reverse the decrease in HIF-1 induced by PMS in any of the treated cells (Fig. 4) , indicating that lysosomal cathepsin B is not involved in PMS-mediated degradation.
Two major isoforms of calpain are known in mammals: calpain 1 (the m-form) and calpain 2 (the m-form). 34) Calpains belong to a family of calciumdependent thiol proteases. Calpastatin peptide inhibits calpains 1 and 2. A previous study found that calpains were involved in HIF-1 degradation in pVHL-deficient renal carcinoma cells exposed to hypoxia together with nitric oxide donor DETA-NO. 35 ) Hence, we examined to determine whether calpain inhibitors PD 150606 and calpastatin peptide overcome the increased degradation of HIF-1 induced by PMS. As shown in Fig. 4A , calpastatin peptide fully prevented the decrease HIF-1 caused by PMS under hypoxia, and that it did not affect PMS-induced HIF-1 degradation in MG132-, CoCl 2 -, or DFX-treated cells under normoxia (Fig. 4B) . On the other hand, PD 150606, another calpain inhibitor, did not prevent the decrease in HIF-1 induced by PMS under any treatment condition (Fig. 4A and B) . We cannot explain why calpastatin peptide did not affect MG132-, CoCl 2 -, or DFX-mediated HIF-1 accumulation.
The effects on degradation of PMS under hypoxia differ between calpastatin peptide and PD 150606. Calpastatin is a widely distributed endogenous inhibitor protein specifically acting on calpain (Ca 2þ -dependent protease). Intracellular Ca 2þ is known to be essential for the inhibition of calpain by calpastatin, indicating that the Ca 2þ level modulates the inhibitory action of calpastatin. It has been reported that a decrease in NADH/NAD in myocytes increased the frequency and amplitude of spontaneous Ca 2þ sparks from the sarcoplasmic reticulum. 36) Thus PMS-induced degradation of HIF-1 under hypoxia might be due to increased Ca 2þ induced by a decrease in the NADH/NAD ratio. On the other hand, PD 150606 is known to interact with the calcium binding sites of calpain. Thus the function of PD 150606 may be robust as to changes in the intracellular Ca 2þ concentration. We cannot exclude the possibility that calpain does not participate in PMSmediated HIF-1 reduction in hypoxia, although the HIF-1 reduction is certainly independent of degradation by the proteasome.
The repression of the accumulation of HIF-1 by PMS in the presence of DFX and of CoCl 2 under normoxia was large as compared with repression under hypoxia (Fig. 1) . Moreover, calpastatin peptide overcame PMS-mediated degradation under hypoxia (Fig. 4A) , while it did not affect the degradation by PMS in MG132, DFX, or CoCl 2 under normoxia (Fig. 4B ). These differences in the effects of PMS between normoxia and hypoxia may depend on oxygen tension. PMS reduced by NADH requires re-oxidation by oxygen, resulting in the regeneration of oxidized PMS. The oxidized PMS is used again in the oxidation of NADH. The PMS reduced by NADH is readily reoxidized at high oxygen concentrations rather than at low ones. Thus PMS appears to function in normoxic conditions. The differences between normoxia and hypoxia in the repression of PMS-induced HIF-1 degradation and in its prevention by calpastatin peptide might be attributable to the fact that the rate of PMSinduced HIF-1 degradation under normoxia is higher than that under hypoxia, but the cause of the differences in PMS-induced HIF-1 degradation as between hypoxia and normoxia remains to be clarified.
Cancer cells, especially in solid tumors, can adapt to hypoxia. In such cells, overexpression of transcription factor HIF-1 induces the expression of many proteins, including vascular endothelial growth factor (VEGF) and glycolytic enzymes, which promote growth and survival under hypoxia.
3) Hence, drugs that decrease HIF-1 might prove useful anticancer agents. 37) In this study, we found that NAD(P)H oxidants reduced HIF-1 levels. Although the molecular mechanism underlying the reduction in HIF-1 must be investigated further, our data suggest that oxidants can be valuable chemotherapeutic agents in the treatment of HIF-1-driven malignant disease.
